Abstract Tuberculosis (TB) is a disease that continues to cause global mortality and morbidity. Transmission of Mycobacterium tuberculosis (Mtb) occurs by aerosol transmission from an infected case, making the lung the primary portal of entry for the bacterium. Alveolar macrophages are the frontline cells involved in the control of subsequent replication and spread of disease. Although animal models have provided important information in the field of macrophage immunology and cell biology, human TB disease has several unique features. Therefore, an understanding of human alveolar macrophage biology and their interactions with Mtb is important, not only to understand how to address TB control at various stages of the disease but also to develop optimal future vaccination and drug strategies. Despite limitations of human sample access, technical expertise in cell processing, and access to reagents, significant advances have been made in the field providing critical insights into host-pathogen interactions This review describes the unique features and the immune responses of human alveolar macrophages in the context TB infection.
Introduction
Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) remains one of the most important causes of global morbidity and mortality, affecting nine million people in 2013 and causing 1.5 million deaths [1] . The bacterium is spread by the aerosol route from an infected individual, and the lungs are the primary portals of entry. Alveolar macrophages (AM) are the primary lung resident phagocyte/ antigen-presenting cells that are involved in the initial immune response to the bacterium, and the Mtb-AM interaction is critical to determine the subsequent fate of infection, i.e., infection clearance vs. disease progression. Although experimental animal models of TB have provided important insights into how AMs interact with Mtb, the exact molecular mechanisms involved in these interactions continue to be defined. Additionally, human AMs appear to possess unique characteristics compared to in vitro-generated monocyte-derived macrophages (MDMs) or mouse macrophages suggesting that human AMs might be better adapted for clearance of small particles (<5 μm) and limit uncontrolled inflammation [2] . This widely held view has recently been questioned by studies that AMs might have a proinflammatory phenotype at baseline [3] . Human AM studies, therefore, provide important information about the processes involved that may benefit either the bacterium or the host. Access to AMs obtained by bronchoalveolar lavage is difficult, however, especially with resource and personnel constraints in TB-endemic areas. These in vitro assessments also do not take into account the immune milieu of the alveolar space in the lung where these cells reside and function. There is renewed appreciation of how factors like alveolar epithelial cells and surfactant, as well exposure to environmental pollutants and smoke can alter immunological responses in these cells [4, 5] . This review focuses on studies performed specifically on the immunological interactions of This article is part of the Topical Collection on Bacterial Tropical Medicine iThenticate: 10 % human alveolar macrophages with Mtb and attempts to identify future directions of research in the field.
Phenotypic and Functional Characteristics of Human AMs
Approximately 90-95 % of the cells obtained by research bronchoscopy and bronchoalveolar lavage (BAL) are AMs in normal individuals [6] [7] [8] . However, in patients with active pulmonary tuberculosis who underwent bronchoscopy and subsequent assessment of the cellular fraction by cytospin, AMs comprised about 67 % of the total cellular fraction with about 16 % lymphocytes and 3 % neutrophils [9] . Peripheral blood monocytes migrating and differentiating into the airways are thought to be the major precursors for AMs [10] . It has also been demonstrated, however, that mononuclear phagocytes present in the lung can divide in the alveolus in response to local inflammation [11] . There have been a number of different studies that have evaluated the phenotypic characteristics of the macrophages obtained by BAL, and different sets of markers have been utilized to define these cells [12] [13] [14] [15] . It is well established from most studies that in healthy individuals, the expression of multiple surface markers in AMs are different from blood monocytes [12] . Most studies show that these cells are FSC hi
CD14
lo CD15 lo CD16 hi CD44 hi HLA-DR + CD206+. Additionally, they also seem to have increased expression of CD80, CD86, and CD40 and lower expression of CD11a and CD11b. Although decreased mRNA expression of TLR2, 4, and 9 was noted in AMs compared to monocytes, increased surface expression of TLR9 was noted in AMs [16] . Recent flow cytometric studies in the context of HIV have identified a population of macrophages (termed small macrophages) that express macrophage-specific phenotypic markers CD71 and CD206 and CD16. The intensity of expression of CD206 was, however, significantly decreased compared to the predominant population of large macrophages [17] . The authors hypothesized that these small macrophages may be the previously described immature macrophages with these small macrophages demonstrating reduced phagocytic capacity (as measured by phagosomal bulk proteolytic activity) compared to the large macrophage population in HIV-uninfected subjects [18] . Recently, transcriptional profiling showed that genes in human AMs compared to MDMs were significantly enriched for immune, inflammatory, and defense responses and cytokine activity [19] . This included enrichment of the NF-κB family members. Interestingly, basal proinflammatory gene expression in these cells was decreased after a 48-h culture with increased responsiveness to stimulation by LPS or poly I:C. In a separate study, human AMs showed upregulation of MHC class II genes [3] . Additional genes of diverse function distinguished AM from MDM, including MARCO, a bacteria-binding receptor expressed in certain subsets of MDM [20] and CCL18. These findings are especially important as it appears that macrophage plasticity and heterogeneity depend on the inflammatory milieu in the lung, contradicting the generally held belief that AMs might be alternatively activated at baseline [21] [22] [23] [24] . Additionally, the lung microenvironment appears to play an important immunomodulatory role in shaping immune responses by AMs. Surfactant-associated pulmonary collectins surfactant protein A (SP-A) and surfactant protein D (SP-D) regulate the early interaction of the bacilli with resident phagocytes [25, 26] . SP-A appears to downmodulate AM responses to Mtb by decreasing generation reactive nitrogen intermediates (RNIs) and reactive oxygen intermediates (ROIs) in response to stimuli [25] . SP-D appears to decrease phagocytosis of Mtb in a mannose receptor (CD206) dependent manner by binding to the mannose caps of the Mtb cell wall mannosylated lipoarabinomannan (ManLAM) [27] . Opsonization of Mtb by SP-D leads to increased phagosome-lysosome fusion and decreased bacterial survival.
Alveolar macrophages, therefore, are unique from blood monocytes and seem to have an increased surface expression of adhesion markers (CD44) and receptors for particle and pathogen uptake (i.e., CD206). AM heterogeneity and plasticity in response to different pro-or anti-inflammatory stimuli (especially surfactant-derived proteins) are also an evolving field of research, and further studies are needed to better understand how these cells control mycobacterial replication under differing immune-activating conditions.
Uptake of Mycobacteria
Human AMs have been thought of as efficient phagocytes given their location in an environment where there is constant exposure of these cells to foreign matter including microbes. Phagocytosis by these cells can proceed in an opsoninindependent fashion [28] . It has been demonstrated that these cells are more efficient than human monocytes at Mtb uptake and that, in addition to the heightened expression of surfactant protein A receptor A [29] , and mannose receptor [30] , complement receptor 4 and TNF-α might be involved in these cells being more efficient phagocytes and limiting Mtb growth and replication [31] . In pulmonary TB patients, dendritic cellspecific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) appears to be overexpressed in macrophages, and anti-DC-SIGN antibodies were able to significantly inhibit Mtb binding in the DC-SIGN-expressing AMs [32] . Thus, AMs appear to be efficient at mycobacterial uptake, but the eventual outcome of infection is determined by their interaction with the phagolysosome which is discussed below.
Cytokine and Chemokine Production
AMs are capable of producing cytokines, like IL-12 and additional cyto, and chemokines such as TNF-α, IL-1, IL-6, IL-15, and IL-18 in response to Mtb [33] [34] [35] [36] . Although the importance of the IL-12-IFN-γ-TNF-α axis in Mtb control is well established from human and animal studies [37, 38] , increased levels of TNF have been found with increasing multiplicity of infection (MOI) of live Mtb in AMs and was found to positively correlate with growth of virulent Mtb (H37Rv) suggesting that TNF may contribute to immunopathology by directly supporting bacterial growth [39] . Furthermore, in studies of healthy contacts of subjects with active TB, CD4+ T cell, AM co-cultures lead to increased IFN-γ production, improved control of bacterial growth was only seen in CD8:AM co-cultures in these subjects [40] . AMs appear to release higher levels of monocyte chemotactic protein-1 (MCP-1) and macrophage inflammatory protein-1alpha (MIP-1alpha) compared to blood monocytes and also express higher levels of regulated on activation normal T cell expressed and secreted (RANTES) in response to both virulent and avirulent Mtb strains [41] . Additionally, when gene expression in human AMs was compared in response to virulent Mtb strain H37Rv vs. H37Ra, it was observed that IL-23 p19 subunit was the most highly upregulated by infection with H37Rv, followed by genes for GM-CSF, the neutrophil chemotactic molecule CXCL1 (GRO α), IL-6, and TNF-α [42] . Detectable amounts of IL-23 but not IL-12 were found in both human AMs and monocyte cultures in response to mycobacteria in this study, suggesting an important role of this cytokine in the initial responses against Mtb. In in vitro studies, therefore, AMs appear to be fully capable of mounting a pro-inflammatory response which is modulated by the virulence of the mycobacterial strain studied. In vitro studies also suggest that they have an important role in chemotaxis of T cells, monocytes, and neutrophils.
Phagolysosome and Autophagy
Intracellular pathogen elimination is dependent on the gradual acidification of the phagosome. Mtb is a highly successful pathogen that is able to manipulate and prevent phagosome acidification and maturation of this compartment [43] . This phenomenon was recently demonstrated to be controlled by Abl tyrosine kinases and could be reversed by the Abl tyrosine kinase inhibitor imatinib [44] . Mtb can also impair phagolysosomal fusion. This phenomenon has been demonstrated for human AMs as well [45] -a phenomenon called lysosomal spreading. It is now appreciated that stimulation of autophagy might be important for phagolysosome maturation and elimination of bacteria. Activation of nucleotide-binding oligomerization domain 2 (NOD2) receptor, which has been shown to be expressed in AMs [46] and senses peptidoglycan, appears to be important in controlling Mtb replication in these cells by induction of autophagy [47] . Similar induction of autophagy and Mtb growth control has been demonstrated by activation of NOD1 [48] . Regulatory cytokines like IL-10 have, on the other hand, been shown to inhibit phagosomal maturation [49] . Acidification of the phagolysosome and induction of pathways of autophagy are therefore potentially two important areas which can be targeted by novel therapeutics aiming to manipulate the immune system for optimal TB control.
Apoptosis
Apoptosis of macrophages infected with Mtb has been thought of as a phenomenon beneficial to the host by preventing a cellular environment conducive to bacterial growth [50] . In AMs, avirulent mycobacteria induced significantly increased apoptosis compared to virulent strains like Mtb H37Rv [51] . Increased apoptosis in Mtb-infected AMs was recently shown to be NFκB activation-dependent [52] . Serine protease inhibitor 9 (PI-9), an apoptosis-associated gene, was also induced by virulent Mtb, knockdown of which leads to increased expression of the antiapoptotic molecule Bcl-2 and increased production of caspase 3. PI-9 appears to be important in the survival of Mtb within AMs [53] . Interestingly, increased induction of the endoplasmic reticulum (ER) stress pathway, which is directly related to apoptosis, has been noted in human tuberculous granulomas where apoptotic cells accumulated, raising the issue of whether macrophage apoptosis and progressive cell death might be potentially detrimental to the host by causing bacterial dissemination [54] . Thus, despite the evidence supporting the role of apoptosis as a potentially beneficial response in preventing bacterial growth and disease progression, the macrophage-Mtb interaction within the granuloma appears to be more complex, and it remains to be seen whether selective induction of apoptosis in human TB granulomas is protective or detrimental to the host.
Conclusions
The immunobiology of human alveolar macrophages in protection versus propagation of TB disease continues to be defined. Although, these cells have similarities with monocytederived macrophages, they have unique phenotypic and functional properties which are highly relevant given their intraalveolar location and need to be further delineated in future studies. Macrophage plasticity heterogeneity and varying responses between virulent and avirulent mycobacterial strains have generated added complexity to this field. Future immunotherapeutic strategies for control of TB infection will require strain-specific in-depth understanding of the cellular processes that control Mtb uptake, phagolysosome formation, and replication in these cells.
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